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Abstract

Congenital Heart Defects are the most common abnormalities at birth, resulting in many
short- and long-term consequences.

Objectives: In patients with transposition of the great arteries, surgical correction may achieve
definitive treatment, so a thorough knowledge of the long-term outcomes, particularly
neurodevelopment outcomes, is essential. Therefore, we conducted a systematic review and
meta-analysis to study the neurodevelopment outcomes in the first 5 years of the life of children
submitted to corrective surgery for transposition of the great arteries in the neonatal period.
Methods: A total of 17 studies from 18 reports were included, assessing 809 individuals with
surgically corrected transposition of the great arteries. The neurodevelopmental outcomes were
assessed with the Bayley Scales of Infant and Toddler Development (BSID) and the Wechsler
Intelligence Scale for Children (WISC). Results: Mean Mental Development Index (MDI) and
Psychomotor Development Index (PDI) were within the average values from 1 to 3 years of age,
although the proportion of children scoring more than 1 standard deviation below the mean in
PDI, MDI, motor, and language composite scores was significantly higher than in the general
population. From 4 to 5 years, mean full-scale global intelligence quotient (IQ), verbal IQ, and
performance IQ scores did not differ significantly from the general population. Conclusion: This
study revealed neurodevelopment scores within the normal range at 5 years of age in children
submitted to corrective surgery for transposition of the great arteries in the neonatal period.
However, these early outcomes may not adequately predict long-term outcomes. Further
studies are needed to identify specific risk factors and early markers of later impairment to guide
the establishment of early interventions.

CHDs are the most common congenital abnormalities, affecting 6 to 8 per 1000 live births.!
CHDs are responsible for 3% of all infant deaths and 46% of deaths from all congenital
malformations.” Among CHDs, transposition of the great arteries accounts for approximately
5% of all CHDs, with an incidence of 1 in 2300 to 1 in 5000 live births.>*

Surgical correction may achieve definitive treatment of transposition of the great arteries.
The current gold standard is the arterial switch operation, first performed by Jatene in 1975.5~7
Surgical correction performed early in the neonatal period, ideally in the first 2 weeks of life,®
leads to improvements in the quality of life and development of newborns with transposition
of the great arteries as well as reduced mortality rates.”"!! However, neurodevelopment
impairments in patients with transposition of the great arteries have been reported during
childhood,'?!* as transposition of the great arteries has been associated with impairments in
psychomotor, mental, learning, memory, and language development, leading to social-cognitive
and social-communication deficits.!*” A wide variety of factors have been associated with
adverse neurodevelopment outcomes in patients with transposition of the great arteries, such as
the presence of brain lesions detected by MRI before and/or after surgery,'®-! as well as the
timing of surgery, the surgical technique and conditions: intraoperative hyperglycaemia,
hypothermic circulatory arrest, and low-flow cardiopulmonary bypass.?>-24
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Many studies have assessed the impact of surgical correction of
transposition of the great arteries in the neonatal period on
neurodevelopmental outcomes, but the results are conflicting.>>~>’
Additionally, although a systematic review on this matter has been
previously published,®® this systematic review assessed a more
selective population, showed some methodological limitations,
and was performed using a single database. Additionally, no
quantitative synthesis was performed. As a result, we set off to
perform a systematic review and meta-analysis on the neuro-
development outcomes in the first 5 years of the life of children
with transposition of the great arteries surgically corrected in the
neonatal period.

This study is reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.”

We conducted a systematic literature search in three electronic
databases: Medline via OVID, Scopus, and Web of Science. The last
search was performed in April 2022. We screened the reference list
of included studies and relevant reviews for potentially eligible
studies. We did not apply restrictions based on language or
publication date. The search query for each database is available in
Supplementary Tables 1, 2, and 3.

We included all prospective studies assessing the neurodevelop-
mental outcomes (assessed through Bayley Scales of Infant and
Toddler Development (BSID) and Wechsler Intelligence Scale for
Children (WISC)), until 5 years of age, in children with
transposition of the great arteries surgically corrected during the
neonatal period.

After eliminating duplicate results, two reviewers independ-
ently screened article titles and abstracts. Two reviewers
independently read and analysed the full texts of articles not
excluded in the screening phase. Attempts were made to contact
the authors of articles not accessible by other means. In any
phase, disagreement between reviewers was solved by the
decision of a third independent reviewer. All efforts were made
to identify published articles assessing one same group of
participants; in such cases, non-duplicate data (e.g., data on the
outcome assessment at different periods in time) were retrieved
from the articles.

We collected the following information, whenever available:
(1) study characteristics — year of publication, study design,
setting (number of centres and countries involved in the study),
inclusion and exclusion criteria, sampling method, method of
randomisation (if adequate), and follow-up duration; (2) partici-
pant number (total and per group) and characteristics, including
demographic data (gestational age and sex), data before surgery
(gestational age and birth weight), surgical information (age at
surgery, type of procedure, duration of deep hypothermic
circulatory arrest, and total bypass time), data after surgery
(duration of hospital stay); and (3) neurodevelopment outcomes —
cognitive, gross and/or fine motor, speech, language and behaviour
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outcomes, and time of assessment. Regarding neurodevelopment
outcomes, we extracted mean scores and standard deviations (SD),
as well as the proportion of children whose score was more
than 1 SD below the normative mean; when data on proportions
were not available, we modelled a normal distribution using the
reported mean and SD to estimate the number of children whose
score was below 1 SD from the normative mean. In some cases,
times at which neurodevelopment was assessed were clustered;
namely, assessments performed at the age of 1.5 years, 2.5 years,
3.5 years, and 4.5 years were considered along with those
performed at the age of 2, 3, 4, and 5 years, respectively. When
results were reported separately by subgroups, and no aggregate
data could be obtained from the authors, data from different
groups were combined as recommended by Cochrane.*

Data were independently collected by two reviewers in a
prespecified form. When data were only available in graphic form,
and no additional information was obtained from the authors, Plot
Digitizer 2.6.9 was used to estimate raw data, as previously done in
other systematic reviews.*!~%3

Two reviewers independently performed quality assessment of the
included articles using Cochrane’s RoB 2 Tool for randomised
control trials** and Cochrane’s ROBINS-I Tool for nonrandomised
studies.®

We performed random effects meta-analyses weighted by the
inverse variance (using the method of DerSimonian and Laird,
which considers both within and across-studies heterogeneity>®).
For each outcome and time point, weighted averages were
calculated with the respective 95% confidence intervals
(95% CI). Heterogeneity was evaluated using I> and Cochran Q
statistics — an I> > 50% and a Cochran Q test p value <0.10 were
considered to represent severe and significant heterogeneity,
respectively. In the presence of significant/severe heterogeneity,
subgroup analyses based on clinical criteria were planned to be
performed. All statistical analyses were performed using the meta
package for R.¥’

Our search in electronic bibliographic databases returned a total of
3260 results (Fig. 1). After duplicate removal and selection by title
and abstract screening, we obtained 86 articles. Sixty-eight reports
were excluded after full-text reading. A list of reports excluded,
with reasons, can be found in Supplementary Table 4. Overall,

18 reports from 17 studies were included in our systematic
review H14-18,24-26,38-46

Risk of bias summaries are shown in Supplementary Figure 1.
Nonrandomised studies (n = 13) had an overall moderate risk of
bias,®14-18:25:26:40-4346 except for one study with serious risk of
bias.*! Confounding and selection of the reported results were the
main causes of bias. Confounding was mainly due to the multiple
factors assessed in the different studies, making it difficult to
establish an association between corrective transposition of
the great arteries surgery in the neonatal period and
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram illustrating the studies’ selection process.

neurodevelopment. Nevertheless, all known important con-
founding domains were appropriately measured and controlled
for, except for one study*' where the reliability of the measurement
of important domains was low enough, potentially allowing for
residual confounding. Regarding the selection of the reported
results, in the majority of the studies, the outcome measurements
and analyses were consistent with an a priori plan, except for one
study?!! where assessment by a speech-language pathologist was
not possible at all sites, which may affect the outcome. Risk of bias
was low mainly in the classification of the interventions and
deviations from intended interventions.

For randomised controlled trials (n = 5),24383%445 we found
some concerns mainly due to missing outcome data and selection
of reported results. Outcome data were only available for some, or
nearly all, randomised participants. Therefore, there is a risk of bias
due to missing outcome data, primarily due to losses to follow-up.

The demographic characteristics of the included studies are
depicted in Table 1. The included studies were published from
1983 to 2020, assessing populations mainly from North America
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and Europe as well as South Korea and Japan. The included
publications assessed a total of 809 individuals with transposition
of the great arteries (from 10' to 158*° participants per study).
The majority of the patients (n=652) were submitted to the
arterial switch operation, but there were some exceptions.!6:1843
Freed et al.® reported that 52 patients were submitted to arterial
switch operation and 22 were submitted to arterial switch
operation with ventricle septal defect repair, but other complex
types of procedures were performed in 14 patients; similarly,
Mendoza et al.'® reported that 30 patients were submitted to
arterial switch operation and 3 were submitted to arterial switch
operation and ventricle septal defect repair. Additionally,
Peyvandi et al.'® did not specify how many patients were
submitted to arterial switch operation or other types of surgery.
Gestational age, on average, ranged from 38 weeks® to 40
weeks,'” and mean weight at birth was within the reference values
for gestational age, ranging from 3116 g'* to 3740 g.** Eight
studies®1525:26:3839.4446 did not report the sex distribution of
participants. Age at surgery was, in most cases, within the first 2
weeks of life (mean: 9.37 days). Concerning surgical character-
istics, the total bypass time mean of the overall studies ranged
from 106.96 minutes®® to 268 minutes,'* and the deep
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Table 1. Demographic characteristics of included studies

Gestational Weight at Total bypass Deep hypothermic Length of

age - Mean birth - Mean Age at surgery - Mean VSD - n time circulatory arrest stay - Mean
Study n participants Male n (%) (SD) (SD) (SD) (%) Mean (SD) time - Mean (SD) (SD)
Mendoza et al., 199126 33 24 (72.7) 39.8 (0.9) 3476.0 (512) NA 6 (18.2) 144 (NA) NA NA
Bellinger et al., 1995/ 158 119 (75.3) 39.8 (1.2) 3537.2 (435.8) 9.8 (11.4) 36 (22.8) 106.96 (32.6) NA NA
199924,45
Bellinger et al., 20014 80 NA NA NA 5(3) NA NA NA NA
Toet et al., 2005%° 20 NA NA 3290 (NA)? NA 3 (15) 139 (NA) NA NA
Freed et al., 2006% 88 56 (63.6) 38.8 (1.9) 3740 (620) 9.9 (6.5) 22 (25) 140.8 (69.8) 16.8 (19.2) 26.8 (22.7)
Park et al., 2006 16 9 (56.3) 40 (NA) 3200 (NA) 13 (NA) 0 (0) 137 (NA) NA NA
Neufeld et al., 2008° 65 NA NA NA NA 19 (29.2) NA NA NA
Gaynor et al., 20102 41 26 (63.4) 39.1 (1.6) 3284 (486) 4.7 (5.4) NA 114.3 (55.5) 10.3 (18.2) 10.0 (5.3)
Andropoulos et al., 201225 30 NA 38.9 (1.2) 3420 (563) 8 (6-9)° 7(23.3) 208 (187-271) NA 20.7 (5.4)
Ibuki et al., 20124 10 5 (50) 39.0 (1.2) 3115.9 (409.5) NA NA 268 (24) NA NA
Mackie et al., 201246 36 NA 38.9 (1.3) NA 12.3 (8.2) NA 141 (50) 7.4 (4.5) 23 (13.6)
Andropoulos et al., 2013*° 21 NA NA NA NA NA NA NA NA
Cheng et al., 20143 43 NA 39.0 (1.5) 3500 (500) 5 (2-23)2 NA NA NA 8 (5-43)?
Hicks et al., 2016* 91 61 (67.0) 39 (1.8) 3367.6 (569) 11.5 (14.8) 31 (34.1) 120.6 (39.8) NA 19.1 (8.4)
Peyvandi et al., 2018'® NAP NA NA NA NA NA NA NA NA
Lim et al., 20198 45 NA NA NA 11.1 (9.8) 11 (24.4) NA 0 NA
Di Silvestro et al., 20214 32 23 (71,9) 39.5 (1.2) 3404.2 (425.2) 14.4 (5.8) NA 189.3 (46.6) NA 34.3 (11.8)

TGA = transposition of the great arteries; VSD = ventricle septal defect; NA = not available; 2Median (range); ® No data at baseline (84 at 12 months and 56 at 30 months).
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(a)

Study PDI 95%-Cl Weight
Bellinger et al. (1995/1999) 95.1 [92.7; 97.5] 19.8%
Bellinger et al. (2001) 99.0 (94.5; 103.5] 17.8%
Park et al. (2006) = 85.8 (77.4; 94.1] 13.3%
Ibuki et al. (2012) = 94.6 [86.0; 103.2] 13.0%
Cheng et al. (2014) 89.0 [84.5; 93.5] 17.8%
Peyvandi et al. (2018) 83.2 [79.1; 87.3] 18.3%
Random effects model — 'ﬂ>1 ; 91.2 [86.2; 96.3] 100.0%

1 1

0 20 40 60 80 100120140
Heterogeneity: 12 = 87%, p<0.01

(c)

Study MDI 95%-Cl Weight
Bellinger et al. (1995/1999) 105.1 [102.7; 107.4) 17.5%
Bellinger et al. (2001) 109.4 [105.5; 113.3] 17.0%
Park et al, (2006) = 829 [75.1; 90.6] 15.1%
Ibuki et al. (2012) - 89.7 [83.4: 96.0) 15.9%
Cheng et al. (2014) 96.0 [92.5; 99.5] 17.1%
Peyvandi et al, (2018) 923 [89.2; 954] 17.3%
Random effects model ——— <:I> — 96.2 [ 88.5; 104.0] 100.0%
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(b)

Study PDI 95%-Cl Weight
Bellinger et al. (1995/1999) 95.1 [92.7; 97.5] 26.9%
Bellinger et al. (2001) 99.0 [94.5; 103.5] 22.5%
Park et al. (2008) -5 85.8 [77.4; 94.1] 14.4%
Ibuki et al. (2012) - 94.6 [86.0; 103.2] 13.9%
Cheng et al. (2014) 89.0 [84.5; 93.5] 22.4%

Random effects model 93.2 [88.8; 97.6] 100.0%
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(d)

Study MDI 95%-Cl Weight
Bellinger et al. (1995/1999) 105.1 [102.7; 107.4] 21.0%
Bellinger et al. (2001) 109.4 [105.5; 113.3] 20.5%
Park et al. (2006) - 829 [75.1; 90.6) 18.5%
Ibuki et al. (2012) = 89.7 [834; 96.0) 19.4%
Cheng et al. (2014) 96.0 [92.5; 99.5] 20.6%

Random effects model 97.0 [ 87.6; 106.3] 100.0%

<
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(e) (f)

Study TE Motor Composite Score 95%-Cl Weight Study TE Cognitive Composite Score 95%-Cl Weigh
Andropoulos et al. (2012) 92.3 = 92.3 [86.1; 98.5] 28.0% Andropoulos et al. (2012) 104.8 = 104.8 [98.2;111.4] 28.3%
Andropoulos et al. (2013) 95.2 % 95.2 (89.3; 101.0] 31.3% Andropoulos et al. (2013) 107.2 - 107.2 [100.9; 113.5) 31.2%
Di Silvestro et al, (2021) 93.2 = 93.2 [88.1; 98.4] 40.7% Di Silvestro et al. (2021) 107.6 = 107.6 [102.1; 113.1] 40.4%
Random effects model ol 93.6 [90.3; 96.9] 100.0% Random effects model < 106.7 [103.2; 110.2] 100.0%
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Figure 2. Neurodevelopment assessment at 1 year of age with BSID-Il and IlI: a - PDI score (BSID-II), b - PDI score for ASO patients only (BSID-I1), ¢ - MDI score (BSID-II), d - MDI
score for ASO patients only (BSID-II), e - Motor Composite Score (BSID-lI), and f - Cognitive Composite Score (BSID-III).

hypothermic circulatory arrest time was only reported in four
studies ranging from 7.4% to 16.8*2 minutes. The mean length of
stay was variable from 8 days to 34.3%" days. All included articles
assessed neurodevelopment either with BSID§!%16-18:24-26.38-
41434446 (1 WSC, 154245

Meta-analytic results: Neurodevelopment assessment at 1
year of age

Overall, nine studies!®!7:18:2425:38-4044 a45eg5ed neurodevelopment

outcomes at 1 year of age, including a total of 390 children. The
BSID-II and IIT were used to assess neurodevelopment in included
studies at 1 year of age (Fig. 2). The results from studies!%17:18:24-38:44
using BSID-II are depicted in Fig. 2b, 2¢, and 2d. The estimated
mean Psychomotor Development Index (PDI) was 91.2 (95% CI
86.2-96.3), albeit with important heterogeneity (I*>=87%,
p < 0.01). Similar results, with high heterogeneity, were also found
when we restricted the meta-analysis to studies in which all
patients (total of 382) had been submitted to the arterial switch
operation!*17:243844 (mean PDI = 93.2 [95% CI 88.8-97.6],1* = 71%
[p < 0.01]). Regarding the Mental Developmental Index (MDI)
score of the studies included in the meta-analysis,'*!7!8243844 mean
MDI was 96.2 (95% CI 88.5-104.0), with high and significant
heterogeneity (I =95%, p <0.01) (Fig. 2c), even when restricting
the analysis to studies in which all patients (total of 382) had been
submitted to the arterial switch operation!®!72+3844 (mean
MDI =97.0 [95% CI 87.6-106.3], 1> =94% [p < 0.01]). Figure 2e
and 2f depict the results from studies using BSID-IIL.>>*** The
estimated mean motor composite score was 93.6 (95% CI 90.3-96.9)
(Fig. 2e) and the cognitive composite score was 106.7 (95% CI
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103.2-110.2) (Fig. 2f), both analyses showing no heterogeneity
(12 = 0%, p = 0.80).

In Table 2, we summarise the meta-analytical results of
percentage of children scoring more than 1 SD below the
normative mean. At 1 year of age, 33.7% (95% CI =22.0-48.0)
of children scored less than 85 at PDI and 27.2% (95% CI = 17.8-
39.1) also scored less than 85 at motor composite score. This
significantly differs from the proportion of children scoring less
than 85 in the general population.

Meta-analytic results: Neurodevelopment assessment at 2
years of age

Overall, five studies assessed neurodevelopment at 2 years
of age, including a total of 293 children. At 2 years of age, both
BSID-II and III were used to assess neurodevelopment outcomes
in the included studies (Fig. 3). The results from studies using
BSID-II'®*346 are shown in Fig. 3a, 3b, 3c, and 3d. The estimated
mean PDI was 89.2 (95% CI 83.7-94.6), but heterogeneity was
substantial (I*>=283%, p < 0.01) (Fig. 3a). Importantly, hetero-
geneity was reduced after restricting the analysis to studies in
which all patients had been submitted to the arterial switch
operation!®**4 (mean PDI=91.5 [95% CI 89.1-93.8], with
heterogeneity 12=0% [p = 0.83]) (Fig. 3b). Mean MDI was 90.8
(95% CI 82.8-98.8), with high and significant heterogeneity
(I>=76%, p = 0.02) (Fig. 3c), even after restricting the analysis to
those studies in which all patients had been submitted to the
arterial switch operation!®*4® (mean MDI =91.4 [95% CI 84.8-
98.0], I = 62% [p = 0.07]) (Fig. 3d). Figure 3e, 3f, and 3g show the
results from studies using BSID-II1.%4! The estimated mean motor
composite score was 101.1 (95% CI 96.2-105.9), with high

8,16,41,43,46
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Table 2. Meta-analytical results of percentage of children scoring more than 1
standard deviation below the normative mean

n Children scoring less than 85 - %
Outcome studies (95% Cl), I
1 year
BSID-I
PDI 6 33.7 (22.0; 48.0), I2=T79.6% (*)
MDI 6 18.9 (9.5; 34.1), 1> = 82.0%
BSID-II
Cognitive Composite 3 7.6 (3.2; 17.1), >=0%
Score
Motor Composite 3 27.2 (17.8; 39.1), 1= 0% (*)
Score
Language Composite 1 25.8 (13.5; 43.7)"
Score
2 years
BSID-I
PDI 3 41.7 (29.9; 54.5), 1 = 65.4% (*)
MDI 3 35.1 (21.7; 51.4), 2= 77.3% (*)
BSID-II
Cognitive Composite 2 10.4 (5.0; 20.5), 12 =13.5%
Score
Motor Composite 2 10.4 (5.0; 20.5), 12 =13.5%
Score
Language Composite 2 29.7 (20.0; 41.7), 1> =22.7% (*)
Score
3 years
BSID-I
PDI 3 28.2 (19.3; 39.2), I2=0% (*)
MDI 3 25.5 (17.1; 36.3), 12=0% (*)
4-5 years
WISC I1Q 3 22.3 (12.1; 37.4), P=75.7%

BSID-I = Bayley Scales of Infant and Toddler Development version I; BSID-Il = Bayley Scales
of Infant and Toddler Development version Il; PDI = Psychomotor Development Index;
MDI = Mental Development Index; WISC = Wechsler Intelligence Scale for Children (WISC);
1Q = intelligence quotient; N = number of studies. * Marks outcomes in which the proportion
of children scoring less than 85 in studied population significantly differs from the proportion
of children scoring less than 85 in the general population (16%).

heterogeneity (I =69%, p =0.07) (Fig. 3e). The mean cognitive
composite score was 100.8 (95% CI 92.9-108.7), also with high
heterogeneity (I>=91%, p < 0.01) (Fig. 3f). Finally, the mean
language composite score was 94.1 (95% CI 90.0-98.2), with
moderate heterogeneity (I* = 35%, p =0.21) (Fig. 3g).

At 2 years of age, 41.7% (95% CI = 29.9-54.5) of children scored
less than 85 at PDI, 35.1% (95% CI =21.7-51.4) scored less than
85 at MDI, and 29.7% (95% CI = 20.0-41.7) also scored less than
85 at language composite score (Table 2). This significantly differs
from the proportion of children scoring less than 85 in the general
population.

Three studies!*!#2® assessed neurodevelopment at 3 years of

age, including a total of 30 children. Studies assessing
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neurodevelopment outcomes of patients with surgically corrected
transposition of the great arteries at 3 years of age used the
BSID-11'*!826 (Fig. 4). The mean PDI was 95.5 (95% CI 90.1-
100.9), with moderate heterogeneity (I* = 46%, p = 0.16) (Fig. 4a),
which was reduced by performing subgroup analysis on those
studies'*? including only patients (total of 30 patients) submitted
to arterial switch operation (mean PDI=98.9 [95% CI 92.7-
105.1], with low heterogeneity [I> = 0%, p = 0.56])) (Fig. 4b). The
estimated mean MDI was 95.3 [95% CI 92.1-98.6], with low
heterogeneity (I>=0%, p=0.89) (Fig. 4c). Similar results were
found on subgroup analysis restricting for studies,'**® reporting
that all patients (total of 30 patients) had been submitted to arterial
switch operation (mean MDI = 96.6 [95% CI 90.2-102.9], I> = 0%
[p=0.83]) (Fig. 4d).

At 3 years of age, 28.2% (95% CI=19.3-39.2) of children
scored less than 85 at PDI and 25.5% (95% CI = 17.1-36.3) scored
less than 85 at MDI (Table 2). This significantly differs from the
proportion of children scoring less than 85 in the general
population.

Three studies'>**** assessed neurodevelopment from 4 to 5 years
of age, including a total of 264 children. From 4 to 5 years of age,
neurodevelopment was assessed with WISC, including full-scale
global, verbal, and performance intelligence quotient (IQ) scores
(Fig. 5). Regarding the global IQ score, the mean from three
studies’>*>* was 97.5 (95% CI 90.0-104.9), with severe and
significant heterogeneity (I = 94%, p < 0.01) (Fig. 5a). Two studies
reported on the performance IQ score.!>* Its mean was 92.9 (95%
CI 89.7-96.2), with severe heterogeneity (I>=54%, p=0.14)
(Fig. 5b). Finally, the mean verbal IQ score estimated from two
studies'>* was 95.1 (95% CI 93.0-97.2), with low heterogeneity
(I*=0%, p=0.97) (Fig. 5¢).

From 4 to 5 years of age, 22.3% (95% CI=12.1-37.4) of
children scored less than 85 at IQ (Table 2). This does not
significantly differ from the proportion of children scoring less
than 85 in the general population.

In our study, a meta-analysis of 809 patients with surgically
corrected transposition of the great arteries during the neonatal
period, we found that these patients exhibit modest development
deficits until 3 years of age, but at the age of 5 years they do not
display significant impairments in mean neurodevelopment
scores. Indeed, cognitive, motor, and language scores were within
the average values, although, except for the latter, heterogeneity
was found to be significant. Overall, MDI and PDI were within the
average values (mean between 90 and 109)* from 1 to 3 years of
age. However, from 1 to 3 years of age, the proportion of children
scoring less than 85 in the studied population in scores as PDI,
MDI, motor, and language composite scores was significantly
higher than in the general population. From 4 to 5 years, full-scale
global, verbal, and performance IQ scores were within the
reference range and the percentage of children scoring more than
1 SD below the normative mean did not significantly differ from
the general population. These results suggest that transposition
of the great arteries surgically corrected in the neonatal period
does not seem to significantly impact early neurodevelopment
components, namely cognitive, motor, and language development
scores. However, it is important to notice that even if these scores


https://doi.org/10.1017/S104795112300375X

Cardiology in the Young

(@)
Study PDI 95%-Cl Weight
Mendoza et al. (1991) .. 92.5 [83.9;101.0] 21.5%

Freed et al. (2006)
Mackie et al. (2012)

92.0 [88.8; 95.2] 39.0%
84.6 [81.5; 87.7] 39.5%

Random effects model 89.2 [83.7; 94.6] 100.0%

I T T T T T

) 0 20 40 60 80 100120140
Heterogeneity: I? = 83%, p <0.01

2477

(b)

Study PDI 95%-Cl Weight
Mendoza et al. (1991)
Freed et al. (2006)

Mackie et al. (2012)

925 [83.9;101.0] 7.5%
920 [88.8; 952 52.1%
906 [86.9; 94.3] 40.3%

Random effects model 91.5 [89.1; 93.8] 100.0%

¢
| I I B N B
0 20 40 60 80 100120140

Heterogeneity: 1#=0%, p=083

(c) (d)

Study MDI 95%-Cl Weight Study MDI 95%-Cl Weight
Mendoza et al. (1991) ~— 101.8 [91.0; 112.7] 23.6% Mendoza etal. (1991) - 101.8 [91.0; 112.7] 21.0%
Freed et al. (2006) 89.0 [85.3; 92.7] 38.0% Freed etal. (2006) 89.0 [85.3; 92.7] 42.6%
Mackie et al. (2012) 85.8 [824; 89.2) 38.4% Mackie etal. (2012) - 88.2 [82.7; 93.7] 36.4%
Random effects model < 90.8 [82.8; 98.8] 100.0% Random effects model < 91.4 [84.8; 98.0] 100.0%

T T T T T T
0 20 40 60 80 100120140
Heterogeneity: I° = 76%, p = 0.02

(e)

Study Motor Composite Score

Hicks et al. (2016)
Lim et al. (2019)

Random effects model

I T T T T T T

0 20 40 60 80 100120140
Helerogeneity: I* = 69%, p = 0.07

(@

Study Language Composite Score 95%-Cl Weight
Hicks et al. (2016) 926 [89.1: 96.1] 66.0%
Limetal. (2019) = 97.0 [91.0; 103.0] 34.0%

Random effects model 94.1 [90.0; 98.2] 100.0%

7 0 20 40 60 80 100120 140
Heterogeneity: /* = 35%, p = 0.21

95%-Cl Weight Study

99.0 [96.4; 101.6] 58.4% Hicks et al. (2016)
104.0 [99.2;108.8] 41.6% Limetal. (2019)

101.1 [96.2; 105.9] 100.0% Random effects model

I T T T T T T 1
0 20 40 60 80 100120 140
Heterogeneity: ? = 62%, p=0.07

(U]

Cognitive Composite Score 95%-Cl Weight

96.9 [94.3: 99.5] 51.8%
105.0 (101.0; 109.0] 48.2%

100.8 [92.9; 108.7] 100.0%

<>
T T T T 1

0 20 40 60 80 100120140
Heterogeneity: 1#=91%, p <0.01
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score for ASO patients only (BSID-II), e - Motor Composite Score (BSID-II), f - Cognitive Composite Score (BSID-II), and g - Language Composite Score (BSID-III).
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Figure 4. Neurodevelopment assessment at 3 years of age with BSID-II: a - PDI score (BSID-II), b - PDI score for ASO patients only (BSI-D-Il), c - MDI score (BSID-II), and d - MDI

score for ASO patients only (BSID-II).

are within the reference range, they may be in the low end of this
interval, particularly until 3 years of age, which may still impact
the neurodevelopment of these children and have implications
for their follow-up. Heterogeneity was high for most of our meta-
analytical results, which may be partially due to the hetero-
geneous designs of the studies included in this systematic review.
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Importantly, in an attempt to reduce heterogeneity, we
performed subgroup analyses, including only those studies in
which all the patients with transposition of the great arteries had
been submitted to arterial switch operation. However, except for
neurodevelopment outcomes at 3 years of age, heterogeneity
remained high.
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We should notice that there are some conflicting results
between studies. For instance, the majority of the studies show no
impact on language development, confirmed by our meta-analysis,
but one study suggests poor language development at 2 years
of age, highlighting the need for focused post-operative early
language interventions.*! However, in the referred study, assess-
ment by a speech-language pathologist was not possible at all sites,
which may have affected the outcome.

The American Heart Association, in its 2015 statement,
recommends that surveillance should be performed in all children
with CHD, placing children with transposition of the great arteries
requiring open-heart surgery in the neonatal period at high risk for
development disorders and disabilities, namely in the areas of
intelligence, academic achievement, executive functioning, lan-
guage, and fine and gross motor skills.'? Indeed, transposition of
the great arteries is one of the most studied CHD with regard to
neurodevelopment outcomes, and previous reviews have shown
neurodevelopment impairment in these patients during their
lifespan. However, our results are consistent with a recently
published review?® which showed a low rate of adverse outcomes
until 5 years of age and a rate of adverse outcomes at school age
twice the rate at the age of 5 years. Additionally, in adolescents with
dextro-transposition of the great arteries, lower than anticipated
scores were found in academic achievements, visuo-spatial skills,
memory, psychosocial, and executive functions. Another literature
review?® also reported that early development was characterised by
mild to moderate neurodevelopment delays, but more recent
reports showed improvement in these early outcomes. However,
the authors found impairment in later cognitive outcomes,
particularly executive functioning.

We did not assess the prevalence of autism spectrum disorders,
but it is essential to notice that deficits in social cognition have been
reported,”® and other studies'® reported higher rates of autism
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among transposition of the great arteries patients below 5 years
of age.

Additionally, some of the reports included in our systematic
review addressed interesting associations. For instance, one study
shows that pre- and post-operative white matter injuries detected
by MRI are associated with a lower score in MDI and PDI at
3 years.'® Additionally, brain hypoxia seems to negatively affect
the PDI score at 1 and 3 years,'*#*¥40 which suggests that better
neurodevelopment outcomes may be achieved by improving O,
cerebral saturation and blood flow velocity during the early
neonatal period in patients with transposition of the great arteries.
This draws attention to the importance of prenatal diagnosis,*
which may allow for the optimisation of surgical conditions.
However, while some studies showed that neurocognitive deficits
were more prevalent and more severe in children with a postnatal
diagnosis,* this finding was not consistent in the literature and
Bartlett et al. found that, although infants with transposition
of the great arteries with and without prenatal diagnosis differ
among perinatal and perioperative variables, their development at
1 year of age was similar.*® The surgical techniques may also play
an important role in outcomes, as circulatory arrest as the
predominant support strategy seems to be associated with a higher
risk of delayed motor development at both 1 and 4 years of age than
with surgery with a low-flow bypass strategy.?** Given the
heterogeneity between studies, we were unable to perform a meta-
analysis comparing these variables.

This is, to our knowledge, the first systematic review of the
literature with meta-analysis on the neurodevelopment outcomes
in pre-school age children with transposition of the great arteries,
adding, therefore, additional insight on this crucial issue.
According to these results and considering the studies addressing
school-aged children and adolescents, we would emphasise that
assessments in infancy and school-aged children with
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transposition of the great arteries, while important to plan early
intervention programmes, should be regarded with caution as they
might not adequately predict long-term outcomes.

This study has some limitations, mostly due to the character-
istics of the primary studies included in this systematic review.
Heterogeneity between studies was substantial, including in their
designs and characteristics of assessed populations. As previously
mentioned, some studies assessed the association between brain
lesions and neurodevelopment,'® while others assessed the impact
of surgical conditions, such as hypoxia,'42¢3840 pH,* and support
strategies.”****> However, we were unable to perform a meta-
analysis comparing these variables, as they were not consistently
reported across studies. It should be highlighted that not all the
components of children’s neurodevelopment were assessed in this
systematic review, such as visual-motor integration, executive
functions, pre-academic skills, adaptive skills, and social, emo-
tional, and behavioural functioning, due to heterogeneity in
reported outcomes in the included studies. However, we aimed to
assess crucial and global neurodevelopment components such as
mental, psychomotor, performance, language, and verbal compo-
nents. Furthermore, while most of the studies assessed all different
components of neurodevelopment,®'>16254243 gne only assessed
language development.*’ Additionally, some of the included
studies assessed a small sample!*!”?> and, for some studies, the
surgical approach was not reported.'®3%42 Although we included a
large number of patients, some were extracted from clinical
research studies and therefore may not be representative of the
population with D-transposition of the great arteries. Furthermore,
most studies did not directly report on the proportion of children
scoring more than 1 SD from the normative mean, so we estimated
this proportion assuming a normal distribution of the scores with
the reported mean and SD. There is, therefore, a need for more
studies reporting absolute and relative frequencies of children
scoring more than 1 or 2 SDs below the normative mean. Despite
this, some strengths can be pointed out. We attempted to maximise
study inclusion by performing a thorough search of the literature in
three different databases, with no language or date restrictions,
checking the reference lists of included studies and relevant
reviews, and contacting authors when data needed to be clarified.
Additionally, overall included studies did not show a high risk of
bias. Finally, this is the first meta-analysis to attempt to aggregate
the results from several studies to estimate the proportion of
children scoring more than 1 SD below the normative mean.

This systematic review and meta-analysis provides an overview of
neurodevelopment outcomes up to 5 years of age in patients with
transposition of the great arteries surgically corrected during
the neonatal period. Overall, from 1 to 5 years of age, cognitive,
motor, and language scores were within the normal range,
although from 1 to 3 years of age the proportion of children
scoring less than 1 SD from the normative mean significantly
differed from the general population. However, heterogeneity
between studies was high, limiting the evaluation of other specific
components of the neurodevelopment. Additionally, these early
outcomes may not adequately predict long-term outcomes. Further,
well-designed studies are needed to gather more consistent
evidence of risk factors for neurodevelopment outcomes and early
markers of later impairment to guide the establishment of early
interventions.
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